Neoadjuvant chemotherapy (NCT) is one of the main treatment strategies for patients with locally advanced breast cancer. In this study, we focused on the predictive and prognostic value of Ki-67 in triple-negative breast cancer (TNBC) patients who received NCT. Data from 280 patients with stage II-III TNBC were collected. All patients were treated according to the same protocol with weekly paclitaxel and carboplatin. The overall pCR rate was 33.9%. Both the categorical and linear Ki-67 were independently correlated with pCR (P < 0.001). There were also statistically significant differences among Ki-67 categories with respect to clinical response (P < 0.001), Miller-Payne (MP) grades (P < 0.001), and node status (P < 0.001). A significant reduction of Ki-67 after NCT was most likely observed in patients with a relatively better response. In the multivariate model for non-pCR patients, Ki-67 reduction presented an independent prognostic value for relapse of disease (HR = 0.986, 95% CI: 0.978-0.994; P = 0.001). This study had indicated that the primary Ki-67 might help in further classifying TNBCs into subtypes with different responses to chemotherapy and a significant reduction of Ki-67 after treatment could indicate a favorable prognosis in non-pCR patients.
. Neoadjuvant chemotherapy (NCT) for TNBC has recently generated a growing interest because of the more aggressive biologic characteristics of this subtype and the lack of approved targeted therapies 3 . Systemic chemotherapy represents the mainstay of treatment for TNBC. Although TNBCs have relatively higher response rates compared with non-TNBCs 4 and the pathological complete response predicts long-term outcome, most patients have residual disease with a higher risk of relapse 5, 6 . This paradox suggests that TNBC is a heterogeneous group comprising subtypes with different clinical outcomes. With the exception of gene phenotype, several pathological biomarkers are used to identify subgroups of TNBC, including P53, cytokeratin (CK) 5/6, CK14, epidermal growth factor receptor (EGFR), and Ki-67 7, 8 . The proliferation marker Ki-67 has repeatedly been confirmed as an independent predictive and prognostic factor in early breast cancer 9 and in the neoadjuvant setting [10] [11] [12] . Breast cancer with high Ki-67 expression responds better to chemotherapy but is associated with poor prognosis [10] [11] [12] , which is a similar situation to the TNBC paradox. Because the Ki-67 index is relatively higher in TNBC than in non-TNBC 13 , it might play an important role in clinical practice in classifying TNBCs with different biological behaviors. Table 2 . The clinical response to the NCT was evaluated according to the RECIST 1.1 criteria. The regression of the primary tumor was assessed using the MP grades. The residual disease involvement of lymph nodes in surgical
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Number of patients Number of pCR (%) P value P value* specimens was also assessed. There were statistically significant differences among the low-level, median-level, and high-level Ki-67 groups with respect to the clinical response (P < 0.001), MP grades (P < 0.001), and node status (P < 0.001). Figure 1 shows the relationship between the Ki-67 values before chemotherapy and the MP grades. The mean Ki-67 values of the tumors were 52.8% for MP 5, 47.4% for MP 4, 30.9% for MP 3, 29.5% for MP 2 and 13.5% for MP 1. There was a significant difference between a complete response and a partial response (MP 5 vs. MP 3, P < 0.001) and between a partial response and no response (MP 3 vs. MP 1, P = 0.002). Among 185 patients with a residual tumor after NCT, the median Ki-67 value significantly decreased from 20.0% before chemotherapy to 15% after chemotherapy. The correlation between the reduction of Ki-67 value and tumor regression (according to MP grades) is shown in Fig. 2 . The mean absolute reduction of Ki-67 value were 29.4% in patients with an ideal response (MP 5/4), 8.5% in patients with a partial response (MP 3), and −10.2% in patients with a poor response (MP2/1) respectively. A significant reduction of Ki-67 was most likely observed in patients with a relatively better response.
Survival and prognostic factors. The median follow-up time was 39 months. Among the 95 pCR patients, only 4 developed recurrences. However, 60 of the 185 non-pCR patients had recurrences within the follow-up period. Failure to achieve a pCR was clearly associated with worse long-term outcomes (P < 0.001).
In non-pCR responders, univariate survival analysis was performed to assess the prognostic value of variables. Primary tumor size (P = 0.023), residual tumor size (P < 0.001), residual node involvement (P < 0.001), MP grades (P = 0.023), vascular invasion (P = 0.027), primary tumor Ki-67 (P < 0.001), residual tumor Ki-67 (P = 0.001), and absolute reduction in Ki-67 (P < 0.001) were significant predictors of RFS and were entered into the multivariate Cox regression model with forward selection. However, patient age, menopausal status, primary node status, residual tumor grades, CK5/6 and EGFR were not significant variables. In the Cox model (shown in Table 3 ), the absolute change in Ki-67 value after NCT showed an independent prognostic value for RFS (HR = 0.986, 95% CI: 0.978-0.994; P = 0.001). Residual node involvement was also an independent predictor of patient outcome (HR = 0.895, 95% CI: 0.355-2.259 for 1-3 nodes and HR = 2.424, 95% CI: 1.048-5.608 for more than 4 nodes, using 0 nodes as a reference; P = 0.002). Better survival was more frequently observed in patients with a greater reduction in Ki-67 value and fewer involved nodes. The distributions of the survival curves by categorical Ki-67 reduction are shown in Fig. 3 (log-rank test, P < 0.001). All non-pCR patients were grouped by the tertile absolute reduction in Ki-67 values. The observed 3-year RFSs were 94.1%, 69.5%, and 46.3% in the three groups and demonstrated a favorable outcome in patients with a greater reduction in Ki-67 values.
Discussion
Breast cancer that lacks ER, PR, and overexpression of HER-2, known as TNBC, is not amenable to the currently available targeted therapies and has a poor prognosis. Compared with other breast cancer subtypes, TNBC has a higher response rate to neoadjuvant chemotherapy; however, this advantage is not clearly translated into an improved overall survival 15 . This so-called TNBC paradox has attracted great attention of clinicians and researchers. Although the components are not yet clearly elucidated, it is believed that TNBC is a heterogeneous disease comprising subtypes with different biological behaviors and clinical outcomes. Gene expression analyses have identified intrinsic subtypes of the TNBC populations that are refining our understanding of breast cancer biology. A previous report showed that TNBC could be classified into 7 subtypes by gene expression microarray 16 . However, these subtypes are not well defined to enable the development of targeted therapy or prediction of treatment response. In fact, gene-expression profiling has not fully replaced classical IHC because it is not a routine practice. Thus, surrogate IHC markers have served as a more practical means of assessing preclinical and clinical predictive effects on patient outcome and differential responses to specific agents. For example, a five-marker method, which examines ER, PR, HER2, CK5/6, and the epidermal growth factor receptor (EGFR) has been proposed as a surrogate system for identifying basal-like breast cancer 17 . In our study, the majority of TNBCs (69.6%) showed the basal-like immunophenotype according to the expression of the basal markers CK 5/6 and EGFR. In some previous studies, TNBCs that expressed basal markers were associated with a significantly higher response to chemotherapy and a shorter DFS 8, 17 , while other studies did not find any significant correlation 18 . In this study, we did not find a relationship between basal markers and treatment response or patient survival. However, the proliferative marker Ki-67 showed an important predictive and prognostic value.
It is well known that in the breast cancer phenotype system, the expression of Ki-67 has been associated with the luminal B phenotype, a high risk of relapse, and likelihood of good response to neoadjuvant chemotherapy [10] [11] [12] .
In this study, the median Ki-67 value was 30%, which is concordant with previous studies 11, 19 . We also confirmed that a higher Ki-67 value was correlated with better treatment response in TNBC. Among the different Ki-67 levels, there were significant differences in both clinical (a decrease in tumor size) and pathological (a reduction of tumor cells) evaluations of treatment response to NCT. Remarkably, the pCR rate was approximately 60% in patients with a primary Ki-67 value of more than 50%, which is almost quadruple the pCR rate in patients with a Ki-67 value of less than 20%. Our findings indicate that Ki-67 could further differentiate TNBCs into subtypes with different chemosensitivities.
Furthermore, we demonstrated the prognostic value of Ki-67 before and after treatment with a cohort of matched pre-and post-treatment samples. Given that the Ki-67 value was not available in excision samples from pCR patients and the survival of pCR responders had a favorable outcome, we specifically addressed the impact of Ki67 on the survival of patients who received neoadjuvant chemotherapy and did not achieve pCR. Multivariate analysis showed that the reduction in the Ki-67 value rather than the primary tumor Ki-67 value or the residual tumor Ki-67 value was a strong prognostic factor. Most previous studies have emphasized the greater significance of Ki-67 change or the residual tumor absolute Ki-67 value in the excision sample rather than the diagnostic sample 11, 12, 20 . These findings may be due to identifying patients in whom there remains a high chance of residual highly proliferative micrometastatic disease after neoadjuvant chemotherapy. These findings may also explain the paradox of TNBC that the high relapse among patients with residual disease is because of highly proliferative tumor biology.
Although a reduction in the absolute value of the Ki-67 change after NCT is widely observed, the NCT regimens, courses and intrinsic subtypes among the study populations are heterogeneous. The cut-off points used to define the level of Ki-67 reduction also vary in published studies. Thus, the association between the reduction of Ki-67 and prognosis has not been clearly investigated in detail. With a consistent NCT regimen of paclitaxel and platinum-containing agents administered specifically to TNBC patients, our results indicate that the reduction rate of Ki-67 was more important for the identification of patients with a high risk of relapse than Ki-67 value of the primary or residual tumor.
Interestingly, although the reduction of Ki-67 values were related with MP grades in this study (Fig. 2) , we found that MP grades were not independently correlated with survival. This result is similar to the result from our former study that indicated that the reduction of cancer cells carried a poor prognostic value in ER-non-pCR patients 21 . Given that the MP grading system is mainly based on a change in cellularity during the treatment, our findings suggest that as long as residual tumor cells are present, the changes in the biology of tumors other than the proportion of reduced cells may be correlated with a survival benefit. The reduction of Ki-67 might be an effective complementary or alternative assessment to the MP grading system in the pathological evaluation of the NCT response that would further modify the determination of subsequent systemic treatment.
The main limitations of using Ki-67 values are the lack of standard measurement methods and consistent cut-off values. Routine measurements of Ki-67 have not been firmly established, and the staining method lacks analytical validity. A recent study has indicated that the evidence does not support the clinical use of Ki-67 in patients 23, 24 . In St.Gallen 2013 consensus, the Panel noted that standardized cut-offs for Ki-67 have not been established and laboratory specific values should be used. Therefore, the standardization and quality assurance of laboratories in Ki-67 measurement is needed 25 . To reduce the influence of establishing cut-off points, we analyzed the predictive and prognostic value of Ki-67 as a linear variable and presented the distribution of treatment response or survival by tertile categories of Ki-67. Despite these limitations, Ki-67 measurement by IHC is still a low-cost method suitable for widespread use in clinical practice, especially in identifying the immunophenotype of TNBC.
In conclusion, our study has provided new evidence that both the biopsy Ki-67 and excision Ki-67 are important in TNBC patients who are treated with NCT according to the same protocol. The primary Ki-67 might help in further classifying TNBCs into subtypes with different responses to chemotherapy. The significant reduction of Ki-67 after treatment could indicate a favorable prognosis in non-pCR patients. Further prospective studies aimed at tailoring additional systemic treatment strategies for non-pCR patients regarding Ki-67 are warranted on a larger scale to establish Ki-67 assessment as a reliable technique in daily practice.
Methods
Ethics Statement. We obtained permission to collect the data from the database of Fudan University Shanghai Cancer Centre. All patients included in our study had signed informed patient consents, and our study was approved by the Ethical Committee and Institutional Review Board of Fudan University Shanghai Cancer Centre. The methods were performed in accordance with the approved guidelines.
Study population. Between 2009 and , women with large operable (primary invasive tumor >3 cm and N0-1) or locally advanced breast cancer were enrolled in a phase II study 26 of neoadjuvant chemotherapy (NCT) using six cycles of weekly PC (paclitaxel plus carboplatin) followed by surgical resections at the Shanghai Cancer Hospital. Blood chemistry, bone scan, chest X-ray and abdominal ultrasound examination were performed to exclude metastatic disease before the initiation of NCT. The disease of all patients was confirmed to be invasive carcinoma using core needle biopsy (CNB). The node status was assessed through fine needle aspiration (FNA) of palpable lymph nodes before NCT. Patients with disease that was classified as triple-negative breast cancer (TNBC, described below) were included in this study. Patients with bilateral breast cancer, male breast cancer or inflammatory breast cancer were not included in this study.
Treatment and response. All patients underwent six cycles of NCT with paclitaxel (80 mg/m
2 ) and carboplatin (AUC 2 mg*min/ml) on days 1, 8, and 15 of a 28-day cycle. No other anti-cancer treatments, including chemotherapy, radiation therapy or endocrine therapy before surgery, were permitted. After completion of the NCT, all patients underwent mastectomy and axillary lymph node dissection (ALND) within four weeks. Subsequently, patients who failed to reach pathological complete response received three more cycles of anthracycline-containing chemotherapy. The use of radiation therapy was at the discretion of the treating radiologist and based on the disease status before NCT.
The clinical responses to NCT were evaluated based on MRI and ultrasound examinations in accordance with the response evaluation criteria in solid tumors (RECIST) version 1.1 27 . The pathological evaluation of surgical specimens was conducted at the Shanghai Cancer Hospital Pathology Center by two experienced pathologists. The Miller-Payne (MP) grading system was used to evaluate the pathological response in the breast 28 : no change or some alteration in individual malignant cells but no reduction in overall cellularity was considered as Grade 1; up to a 30% reduction of tumor cells was considered as Grade 2; between an estimated 30% and 90% reduction of tumor cells was considered as Grade 3; more than a 90% reduction of tumor cells, such that only small clusters or widely dispersed individual cells remained, was considered as Grade 4; and no remaining invasive malignant cells was considered as Grade 5. A pathological complete response (pCR) after NCT was defined as the absence of invasive carcinoma in both the breast tissue (MP Grade 5) and lymph nodes of the resected specimen (pN0).
Immunohistochemistry. Immunohistochemistry (IHC) results were collected from the database of the pathology center. All analyses were performed on paraffin-embedded tissue sections using standard procedures for breast tumor specimens to evaluate the expression of estrogen receptor (ER), progesterone receptor (PR), human epidermal growth factor receptor-2 (HER-2), and Ki-67 before and after NCT. The cut-off values for ER positivity and PR positivity were 1% of positive tumor cells with nuclear staining. HER-2 was evaluated as 0, 1+, 2+ or 3+ using circumferential membrane-bound staining. Positivity for HER-2 (HER−2+) was considered as 3 + using IHC or as positive on fluorescence in situ hybridization (FISH), whereas cases with 0 to 1 + or 2 + using IHC but without FISH detection were regarded as negative for HER-2 (HER-2−). Only tumors that were ER-, PR-and HER-2− were considered as TNBC and were included in this study. The Ki-67 value was expressed as the percentage of positive cells (at least 1000) with nuclear staining in each case. CK5/6 and EGFR were considered positive if 10% or more of the tumor cells showed positive membrane expression.
Statistical analysis.
A Chi-squared test was used to evaluate the relationship between patient characteristics and the pathological response. Fisher's exact test was performed when necessary. Multivariate logistic regression was used to identify independent predictors of pCR, with all candidate variables entering the model. The mean values shown in Figs 1 and 2 were analyzed with Student's t test and analysis of variance (ANOVA). Relapse-free survival (RFS) was calculated from the date of surgery to the date of disease relapse (local or distant relapse or death from any cause). Patients without events or death were censored at the last follow-up. Univariate and multivariate survival analyses were performed using the Cox regression model. Survival curves were estimated using the Kaplan-Meier method, and the log-rank test was used to test for differences between the groups. All reported
